Introduction
In modern technology, air jets are widely used in diverse applications, particularly in the Q1 drying process, thermal insulation using an air curtain, cooling of electronic components, etc. The free jet is also an important flow field as it includes several phenomena concerning instabilities formation (Kelvin-Helmholtz), vorticity separation and roll up into vortices, vortex pairing, free turbulence evolution and viscous/inviscid interactions (Becker and From an experimental standpoint, free round jets have been studied for both low and moderate Reynolds numbers, especially in natural conditions. In this case, a number of experimental studies have been conducted to investigate the onset of instabilities and growth of structures in the jet shear layer (Reynolds 1962 , Viilu 1962 , Crow and Champagne 1971 , Mattingly and Chang 1974 . The consistent findings of these various experimental studies were that the Reynolds number is a pertinent parameter for determining the mode of instability, and as the Reynolds number increases the instability mode changes from helical to axisymmetric. In fact, two distinct geometric instabilities have been observed: axisymmetric, where the jet appears to pulsate, and helical, where the jet appears to undulate rhythmically (Crow and Champagne 1971) .
The occurrence of both axisymmetric and helical modes of instability at low and moderate Reynolds numbers has also been reported in theoretical studies (Batchelor and Gill 1962 , Crow and Champagne 1971 , Mattingly and Chang 1974 , Cohen and Wygnanski 1987 , Danaila et al 1997 .
For jets at high Reynolds numbers, the distance from the exit section required for the instabilities formation is very small, and the evolution of the vortices is faster. Therefore, the instabilities are not observable at all due to their very fast decay.
From a technical and instrumental standpoint, experimental investigations of low-and moderate-Reynolds-number round jets mostly use flow visualization methods to qualitatively identify instabilities. O'Neill et al (2004) compared the behavior of round water jets with two Reynolds numbers of 680 and 1030 near the orifice region from 2 to 14.4 diameters using the particle image velocimetry (PIV) technique. It was found that the jet is marginally unstable at a Reynolds number of 680, whereas at a Reynolds number of 1030 the jet is manifestly unstable close to the orifice and laminar-to-turbulent transition follows with the jet approaching self-similar turbulent behavior further downstream. Kwon and Seo (2005) conducted experiments for jets discharging from a round contraction nozzle in order to gain a better understanding of the behavior of the non-buoyant round water jet for a wide range of Reynolds numbers (from 177 to 5142). In this study, a PIV system was used to measure the cross-sectional velocity distributions, and instantaneous images showing the evolution of the round jet with increasing Reynolds number are presented. The images show that the laminar, transitional and turbulent flows can coexist in a circular jet with sufficient longitudinal distance. It can be clearly seen that the axial length of the laminar or transitional region prior to the turbulent flow decreases with increasing Reynolds number. Nastase et al (2008) associated PIV measurements and high-speed visualizations enriched by low-level image processing, for the analysis of the vortical dynamics in the near field of an air jet flow with a Reynolds number of 813. These authors are particularly interested in the contribution of vortical structures to the entrainment process of low-Reynolds-number jet flows. They show that, in the round jet, the entrainment is produced in the braid region (region between two successive rings), where streamwise structures develop. In the Kelvin-Helmholtz ring, entrainment is dramatically affected by the attenuation of the streamwise structures. Todde et al (2009) presented hot-wire measurements along the centerline of a jet issued from an orifice with a diameter of 0.040 m and nominal outlet speeds ranging from 0.30 to 2.50 m s −1 , giving thus a Reynolds number (Re) based on the diameter, in the range of 850 Re 6800. The results showed evidence of several flow regimes in the range of Reynolds number examined; in particular, a first regime appears to include the flows at Reynolds numbers up to about 1600. In this regime, the flow is essentially laminar and dissipation of energy is quite weak. Moreover, an alternation between helical and azimuthal instabilities of the jet column was hypothesized to be the mechanism leading to vortex generation.
Among the works concerning the behavior of round jets, very few studies were devoted to the spatiotemporal dynamics of instabilities that occur in air jet flows with low and moderate Reynolds numbers.
In this study, therefore, laboratory experiments for a jet discharging from a round nozzle were conducted in order to gain a better understanding of the spatiotemporal evolution of the instabilities in an air jet. In our experimental study, we were particularly interested in the development of the axisymmetric Kelvin-Helmholtz instability (the varicose mode) obtained, in our case, for a Reynolds number of 1600. Using flow visualization images and time-series analysis, we investigated the flow structure of a round jet, the formation process of vortex rings and the probability distribution of the jet width of flow included in the jet at various axial positions from the nozzle exit. The occurrence frequency of vortex rings and the Strouhal number of the jet are also measured.
Experimental setup and jet exit conditions
In this experiment, the free air jet is generated by a nozzle of 12.4 mm internal diameter (D) discharging into ambient air. The nozzle is at a height of 2 m above the ground. The essential features of the experimental setup are schematically shown in figure 1. It should be noted that in this paper, the origin of the coordinate system used is at the centre of the jet exit with the x-axis extending in the axial direction. Although this is a round jet, measurements will be reported on a Cartesian measurement plane (x and y) that includes the jet axis.
The compressed air goes through a series of flow rate regulators and is seeded by micrometric incense smoke particles generated in the upstream circuit. Arriving at the nozzle, it crosses successively a honeycomb, three fine grids and exhausts from an axisymmetric Throughout this experiment, the jet exit velocity is fixed at U 0 = 2.0 m s −1 and is verified by the LDA system. The corresponding Reynolds number based on the nozzle exit diameter (D) and the kinematic viscosity (ν), Re = U 0 D/ν, is 1600.
The outflow conditions in the jet cross-section were checked 2.0 mm downstream of the exit section; typical normalized profiles of mean velocity (U/U 0 ) and turbulence intensity (u ′ /U 0 ) are shown in figure 2. In this figure, y represents the radial coordinate. However, it can be seen that the mean velocity profile has a satisfactorily sharp top-hat shape. The fluctuation intensity profile shows a very low value (≈ 1%) throughout the constant-velocity region of the jet section. On the sides, where the velocity reduction is observed, u ′ /U 0 slightly increases to a maximum of about 6%. This moderate turbulence intensity value confirms the laminar nature of the exit boundary layer. Finally, a satisfactory symmetry exists between the two sides of the jet, which is clearly observable in both profiles. Figure 3 reports a visualization from the present work in which several vortical structures can be identified together with the subsequent decay. In this figure, it is possible to observe the first region of the jet characterized by a short laminar zone followed by very weak undulation, which quickly generates a discrete vortex (I). The second region constitutes a zone of evolution of successive vortices moving downstream within the shear layer and growing in size (II) to end finally in a zone of chaos and disorder where the vortical structures disappear completely in the core closure (III).
Results and discussions

Flow visualization
In figure 4 , we report two visualizations that illustrate the most important phenomena that were observed. This figure displays two images of the jet at different time instants (the time interval between the two images is approximately 0.08 s). In both cases, it seems that a roll-up of the shear layer into vortical structures has occurred, and the resulting structures are symmetric on both sides of the jet axis and appear to grow as the flow proceeds downstream.
However, two different topologies are present in the field: in figure 4(a) , all the vortices are neatly separated and no evidence of interaction can be observed, while in figure 4(b) an ongoing vortex pairing between the vortices at 4.0 < x/D < 5.5 is evident (the one more downstream appears to be absorbing the other one). In fact, for this range of Reynolds number, the pairings were quite difficult to observe. This was attributed to the very low speed of the vortices, which makes their interaction slow and hardly observable. When the Reynolds number is increased, this interaction becomes much more evident.
Vortex initiation distance and vortex breakup location
This section describes the transition zone of the flow, where the Kelvin-Helmholtz instability originates and develops in the form of vortex structures. Several sequences of 300 images of the jet are recorded with a time interval equal to 1/220 s and then treated. An example of these images is presented in figure 5(a) . The treatment objective is to detect the jet edges. For this, a binarization of the original images is obtained through a threshold procedure based on a Sobel algorithm (Nixon and Aguado 2002) . As shown in figure 5(b) , the images are transformed so that the flow region becomes white and its ambiance becomes black. The transition between black and white regions is then located by detecting pixels that have large variation of intensity gradient in order to draw the corresponding contour ( figure 5(c) ).
Vortex initiation distance (x i ) is defined as the distance from the jet exit where the instability that causes vortex formation is first observed. This instability wave grows and eventually rolls up into a vortex. Vortex breakup location (x b ) is the location where the core of the vortex begins to exhibit instability, rather than coherent vortex motion (see figure 5) . Thus, the extent of each distance x i and x b is observed and identified on all the recorded images of the sequence, with a maximum uncertainty of 2 pixels. The probability distribution of x i and x b , scaled in diameters from the jet exit, is shown in figure 6 . In the case of Re = 1600, the average value of x i is estimated to be 1.22 diameters, with a standard deviation of the distribution equal to 0.20 (≈ 16%). The vortex breakup location (x b ) is found to be 5.45 diameters, with a standard deviation equal to 0.46 (≈ 8%). Knowing the extent of the potential core, which is of order of 5-6 diameters of the nozzle exit in this range of Reynolds numbers (Zaouali et al 2010) , we can deduce that the vortex breakup location is related to the end of the potential core in our case. On the other hand, the length of the jet transition zone, defined here by (x b -x i )/D, is also determined. The average value of (x b -x i ) is found to be 4.23 diameters, with a standard deviation equal to 0.42 (≈ 10%).
From these values, it is evident that the vortex initiation distance x i and the vortex breakup location x b are not stable in time. Thus, we can predict that a global vertical movement of the jet is present in the flow. This implies that the potential core is not a continuous phenomenon in time. In figure 7 , the time-series analysis of the jet width shows that just behind the nozzle, the jet has a uniform structure and the existence of the vortex rings is not evident. Further downstream, as x/D increases, vortex rings appear and have several sizes by combining with each other. Figure 8 describes the relationship between the width of flow included in the jet (L) and the probability distribution at each position of x/D = 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0. In this graph, the jet width is measured for each period of t = 1/220 s and it is non-dimensionalized to the diameter D of the nozzle exit. We use the time-series analysis of the jet presented in figure 7 for this distribution. The images of the instantaneous width of the flow in figure 7 represent the real size of these structures. Therefore, the width of the flow (L/D) is defined as the difference between the positions of the left and right edges of these images.
Time-series analysis
Probability distribution of the jet width
From these images, it is evident that the width of the probability distribution increases with decreasing the value of the maximum.
In figure 8 , the probability distribution at x/D = 1.0 presents a single peak showing that the width of the jet is almost the same in this section (L/D = 1.0). From the nozzle exit up to this section, no remarkable variation of the structure of the jet is detected.
At x/D = 2.0, a peak value corresponding to a probability distribution of 70% is observed. 
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At x/D = 6.0, the width of the distribution becomes large and it spreads over the range of the jet widths. A slight difference in probability distribution is observed for diverse values of L/D. The jet expands more and more with the end of the potential core region. 
Frequency and Strouhal number of vortex rings
In this section, the occurrence frequency (F) of the jet vortex rings discharging from the circular nozzle is studied for various discrete positions x/D = 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0.
For this, graphs of the temporal evolution of the jet width are plotted for the range of axial distances considered here. An example of these graphs is shown in figure 9 It should be noted that, using the relationship established by Zaouali et al (2010) , which gives the convective velocity U C of vortex rings on the jet edge (U C = 0.65U 0 ), the average displacement of the ring structures is about D/2 during t = 1/220 s. This excludes the passage of several vortex rings at a given axial position for this time interval.
For determining the occurrence frequency of the vortex rings, fast Fourier transform (FFT) of the jet width oscillations for each x/D has been carried out. The corresponding frequency spectra in the case of x/D = 4.0 is also presented in figure 9(b) . The FFT shows that Gutmark and Ho (1983) . In this paper, most of the results concerning the frequency and Strouhal number of the preferred mode of instability were collected for different jet configurations. The authors note that the Strouhal number varies in the range of 0.24-0.64.
Conclusion
This experimental work presents the characteristics of an air jet evolving naturally from a circular orifice at Re = 1600. The jet behavior was observed by flow smoke visualization recorded by a high-speed camera with 220 frames per second. On the acquired images, it was possible to identify and to follow the temporal evolution of the structures (vortex rings and braid regions) that appear on the edges of such flows. The measurements of the length of the jet transition zone furnish a value equal to 4.23 diameters with a variation around 10% in time, and that the vortex breakup location is related to the end of the potential core extent.
A time-series analysis of the images at different axial positions from the nozzle exit was also conducted. The probability distribution and the temporal variation of the jet width were investigated. The experimental results show the following:
• Just behind the nozzle, the jet has a uniform structure and the existence of the vortex rings is not evident. 
